Introduction {#S5}
============

Congenital diaphragmatic hernia (CDH) occurs in approximately 1/5000 live births ([@R1]). The hallmark of this birth defect is lung hypoplasia, which is variable in severity ([@R2]--[@R4]). While the majority of infants with CDH have elevated estimated pulmonary artery pressures (PAp) measured by echocardiography soon after birth, improvement and persistence of pulmonary hypertension (PH), which has been associated with worse outcome, is variable ([@R5],[@R6]). Early identification of infants at risk for adverse outcome may allow for more targeted treatment in patient subgroups.

B-type natriuretic peptide (BNP) is a polypeptide secreted from both cardiac ventricles due to wall stress. Physiologically, BNP counteracts elevated ventricular volume by its natriuretic, diuretic and vasoactive properties ([@R7],[@R8]). Plasma BNP levels have been correlated with hemodynamic measurements in adults with primary ([@R9],[@R10]) and secondary PH ([@R11]), and are predictive of survival ([@R12],[@R13]). Similarly, in pediatric patients, BNP levels have been associated with more impaired function of the right ventricle (RV) and worse functional class, and, in children with primary PH, BNP also predicts survival ([@R14]). BNP has also been shown to correlate with estimated PAp in newborns with persistent pulmonary hypertension of the newborn (PPHN), but without CDH ([@R15]). The only prior systematic study of the BNP pathway in infants with CDH was done by Baptista and colleagues, who evaluated N-terminal-pro-BNP (NT-proBNP) in 13 infants with CDH. They found that higher levels were predictive of death ([@R16]).

The pathophysiology of PH in infants with CDH differs from that of other patient groups. Features of the fetal circulation and structural abnormalities are related to the degree of lung hypoplasia with relatively decreased fetal left ventricular (LV) output associated with higher neonatal mortality ([@R2],[@R17],[@R18]). In addition, the severity of PH is related to major developmental alterations in the pulmonary vascular bed ([@R3],[@R4]). This suggests that chronically increased fetal RV output and temporary alterations in LV conformation may impact the transition to postnatal circulation in CDH. Our study aim was to investigate the prognostic value of plasma BNP and the severity of PH measured by echocardiography at 1 day and 1 week of life for prolonged respiratory support or death in newborns with CDH. We hypothesized that elevated BNP and more severe PH would be associated with this adverse clinical outcome.

Results {#S6}
=======

[Table 1](#T1){ref-type="table"} shows baseline characteristics of the study population (n=27). There were 14 infants (52%) with Good outcome (survival and breathing room air without additional respiratory support at 56 days). Of the 13 infants with Poor outcome (death or persistent respiratory support at 56 days), 5 (38%) died and 8 (62%) received prolonged respiratory support.

Blood for BNP level was collected at a median of 9 hours of age (range 2--28 hours) for the first sample and a median of 7 days of age (range 6--11 days) for the second sample. Echocardiograms were obtained within 24 hours of BNP level collection for the first study (median 1 day of age, range 1--2 days) and within 48 hours for the second study (median 8 days of age, range 6--10 days). The first BNP sample was collected in 14/14 infants with Good outcome and 11/13 infants with Poor outcome. The second BNP sample was collected in 11/14 infants with Good outcome and 13/13 infants with Poor outcome. Clinical status is summarized for infants with Good and Poor outcome at the time of BNP measurement in [Table 2](#T2){ref-type="table"} (concurrent treatment with inhaled nitric oxide (iNO), support with mechanical ventilation and high frequency ventilation, fraction of inspired oxygen concentration and oxygenation index) or contemporaneous echocardiogram (presence of persistent ductus arteriosus (PDA)).

On the first day of life, median BNP level for the whole cohort was 112 pg/mL (range 6--967 pg/mL). In infants with Poor outcome, BNP levels were significantly higher (median 220 pg/mL, range 30--967 pg/mL) than BNP levels in infants with Good outcome (median 55 pg/ml, range 6--195 pg/ml, P\<0.01, [Figure 1](#F1){ref-type="fig"}). At 1 week of life, median BNP level for the whole cohort was 464 pg/mL (range 76--1860). At this time point, BNP levels were not significantly different between the two groups (median 547 pg/ml, range 76--1860 pg/ml in the Poor outcome group versus median 364 pg/ml, range 84--1180 pg/ml in the Good outcome group, P=0.70). BNP levels were available at both time points for 22 infants. In infants with Good outcome (n=11) the BNP level increased significantly between the two time points (median 40 pg/ml in the first day versus median 364 pg/ml at 1 week, P\<0.001). In infants with Poor outcome (n=11), BNP levels increased between the two time points, but this difference was not statistically significant (median 220 pg/ml in the first day versus median 547 pg/ml at 1 week, P = 0.40).

All infants (11/11) with Poor outcome and 13 of 14 (93%) with Good outcome had ≥2/3 systemic pressure estimate by echocardiography in the first 48 hours of life ([Figure 2](#F2){ref-type="fig"}). In contrast, at one week of age, 12/13 (92%) of the infants with Poor outcome still had an elevated pressure estimate (PAp≥2/3 systemic), whereas only 6/11 (55%) of the good outcome group had persistent elevated PAp (P=0.06 for comparison between groups).

The AUC for prediction of clinical outcome by BNP level in the first day was 0.91 (95% CI 0.77--1.0, [Figure 3](#F3){ref-type="fig"}). BNP \>188 pg/ml classified 88% correctly with a sensitivity of 82% and a specificity of 93%. For a BNP \>188 pg/ml, the positive likelihood ratio (LR) was 11.45 and the negative LR was 0.2, demonstrating that this cut-off may be a robust indicator of outcome in the first day of life in this patient population. At one week, the AUC decreased to 0.55 (95% CI 0.30--0.79); BNP \>496 pg/ml only classified 67% correctly (sensitivity 62% and specificity 73%). In contrast, in the first 48 hours of life, the AUC for echocardiographic severity of PH (systemic-to-suprasystemic, 2/3 systemic-to-systemic, and \< 2/3 systemic) as a predictor of clinical outcome was only 0.51 (95% CI 0.27--0.74). The predictive ability of echocardiographic classification of PH improved at one week with an AUC of 0.80 (95% CI 0.61--0.99).

To directly assess the difference between the predictive utility of the two biomarkers (BNP and severity of PH), we compared the ROC curves for each biomarker 1) to each other at 1 day and 1 week of age, and 2) to itself, assessing the change from 1 day to 1 week of age. For these analyses, we included only those infants with both measurements available at both time points (n=22), producing slightly different AUC and 95% CI than reported above ([Table 3](#T3){ref-type="table"}). At 1 day of age, the AUC for BNP level was significantly better than the AUC for the severity of PH (P=0.01), but there was no significant difference at 1 week. In addition, the AUC for BNP level was significantly higher in the first day than at 1 week (P=0.01), but there was no significant difference between the two time points for severity of PH.

Discussion {#S7}
==========

In this prospective cohort, we demonstrate that plasma BNP level on the first day of life is a sensitive and specific prognostic marker for clinical outcome in infants with CDH (AUC 0.91, 95% CI 0.77--1.0), superior to estimates of PH severity by contemporaneous echocardiography, which is non-discriminatory. However, BNP loses its discriminative ability for prediction of clinical outcome at one week of life with increasing BNP levels in both the Good and Poor outcome groups. In contrast, as estimated PH severity by echocardiography evolves, echocardiography at 1 week of age becomes a more useful predictor of outcome (AUC 0.80, 95% CI 0.61--0.99). The only prior systematic study of the BNP pathway in infants with CDH was done by Baptista and colleagues, who evaluated N-terminal-pro-BNP (NT-proBNP) in 13 infants with CDH ([@R16]). NT-proBNP is generated from the BNP preprohormone, and it has a longer half-life than BNP. This study identified an NT-proBNP cut-off of 11500 pg/ml on the first day of life as a sensitive, but not specific, predictor of death. NT-proBNP levels were also correlated with estimated PAp and measures of RV dysfunction.

Various thresholds for BNP have been proposed in the literature for prognostication in patients with PH. Lammers *et al* ([@R14]) evaluated BNP values as a prognostic biomarker in 27 children (mean 8.4 years) with primary PH. A BNP \>130 pg/ml was predictive of death or need for lung transplantation, similar to the findings in our study. In contrast, Reynolds *et al* proposed a much higher cut-off value of BNP \>550 pg/mL at 1--2 days for diagnosis of PPHN from diverse etiologies (idiopathic, meconium aspiration, birth asphyxia and sepsis) ([@R15]). Despite the fact 24/25 infants in our cohort had elevated PAp estimates (≥ 2/3 systemic) and 15/25 had systemic-to-suprasystemic PH in the first two days, BNP levels in both our Good and Poor outcome groups are generally lower than those in the Reynolds study (median BNP for PPHN, 1610 pg/mL, for respiratory distress without PPHN, 132 pg/mL, and for room air, 248 pg/mL). Ventricular loading may differ in newborns with CDH, given their unique fetal pathophysiology. The decreased left-sided contribution to combined ventricular output may allow the RV to be pre-conditioned to better accommodate the failure to transition to normal postnatal hemodynamic relationships ([@R17]--[@R19]).

The increase in BNP levels over the first week of life in our patients is also notable. In healthy infants, BNP decreases over this time period, the same pattern demonstrated in infants with PPHN in the Reynolds study (Koch 2003). This most likely reflects resolution of the underlying disease in PPHN. In contrast, in infants with CDH, there may be 1) persistent structural abnormalities in both the Good and Poor outcome groups, and/or 2) closure of the ductus arteriosus (which occurred in the majority of infants with a Good outcome). It has previously been noted that PH can recur in infants with CDH who had previous resolution by echocardiography, indicating that the normalization of the structural pulmonary vascular abnormalities in CDH can lag behind the improvements seen by imaging ([@R20],[@R21]). The different patterns of our two evolving biomarkers are intriguing. The severity of PH appears to be improving at 1 week of age in infants with Good outcome, yet BNP levels increase significantly. BNP levels also increase in infants with Poor outcome, while the severity of PH is not improving in these patients. In addition to more severe structural abnormalities, infants with Poor outcome may have increasing vascular dysfunction. We have previously shown that circulating inflammatory markers are elevated in fetuses with more severe CDH (defined as persistence of neonatal PH), and that endothelin-1 levels are elevated at 1 and 2 weeks of age in newborns with CDH with Poor outcome (death or discharge on supplemental oxygen) ([@R5],[@R22]). In addition, infants with Poor outcome continue to receive substantial oxygen supplementation while on mechanical ventilation at 1 week of age ([Table 2](#T2){ref-type="table"}), and supra-physiological oxygen exposure impairs vascular function, as oxygen-reduction balance is altered, endothelial nitric oxide synthase expression and activity are decreased and phosphodiesterase-5 expression and activity are increased ([@R23],[@R24]). These initial and exacerbating factors in the face of more profound lung hypoplasia may result in the persistence of more severe PH by echocardiography and more pronounced ventricular wall stress. This pattern over the first 1--2 weeks of life in the lung and pulmonary vascular bed of these infants might be critical, and affect subsequent lung growth and function.

The strength of this study is its design. Since BNP levels were only measured for research purposes after sample storage, the treatment team was blinded at all times to BNP values. Thus, BNP did not influence clinical decision-making, eliminating the risk of incorporation bias. Further, although clinical teams were aware of echocardiographic findings at the time of that study, the retrospective scoring based on digitally stored echocardiographic images was done by a single observer blinded to the initial clinical reports and without knowledge of the infant's outcome. However, there are limitations. First, there is the possibility that a lack of association is due to low power, which could be a factor in our ROC analyses. But, we have demonstrated alterations in our biomarkers over time, suggesting that patient physiology is changing, and the import of the biomarkers reflects that change.

A second limitation is the short-term nature of the outcome measurement. Poor outcome was defined at 56 days of life. However, we have previously shown that supplemental oxygen at hospital discharge in infants with CDH is associated with worse neurodevelopmental outcomes and multiple medical morbidities ([@R25],[@R26]). A final limitation is the lack of accurate estimates of PAp and PVR by echocardiography ([@R27]). As a consequence, we categorized estimated PAp into 3 groups in relation to systemic pressure. However, this limitation may be the precise reason that BNP measurement in the first day of life could be more useful for prognosticating outcome in infants with CDH.

While our results suggest that BNP is a promising early biomarker for outcome in CDH, a multicenter study is necessary to validate the current findings. Additionally, such a design could provide the required power to evaluate the utility of combining multiple fetal and neonatal assessments in a prediction model to improve prognostic accuracy, such as antenatal measurements, BNP and echocardiographic markers.

In conclusion, our results are somewhat surprising. BNP levels are discriminatory for Poor outcome in the first day of life, whereas echocardiography is not. Initial BNP levels are lower than those previously described in PPHN and they increase over the first week, counter to the pattern seen in PPHN and healthy newborns. These findings may be explained by the unique fetal physiology of CDH, demonstrated by circulatory and biochemical differences. Thus, there may be clinical implications for prognostication, as well as targeted therapies, which could be applied during critical periods in lung and pulmonary vascular adaptation in CDH.

Methods {#S8}
=======

Study Enrollment {#S9}
----------------

Infants with congenital diaphragmatic hernia were eligible if admitted to the Intensive Care Nursery at UCSF Benioff Children's Hospital. Infants were excluded if they had a multiple malformation syndrome affecting prognosis, Morgagni hernia, or structural congenital heart disease other than an atrial septal defect or patent ductus arteriosus (PDA). Infants were consecutively recruited over 29 months (5/2011--9/2013). Thirty-eight infants were admitted; 8 declined plasma collection, 1 died before consent was obtained and 2 were excluded. Written informed consent was obtained. The study was approved by the University of California San Francisco Institutional Review Board.

Clinical management and data collection {#S10}
---------------------------------------

All infants were intubated and mechanically ventilated immediately after birth. Infants were managed with consistent lung protective ventilation strategies including permissive hypercapnia (pH \> 7.2, pCO2 45--65 mmHg), peak inspiratory pressure limitation (PIP \< 26 cmH2O), short inspiratory times, to maintain an inspiratory:expiratory ratio of \~1:2 with physiological ventilator rates of 50--90, and permissive hypoxemia (preductal saturation \> 87%), with allowance for a ductal-level shunt. HFOV was used if infant was unable to be ventilated adequately with the above described conventional mechanical ventilation strategies (with a target mean airway pressure ≤ 15 cmH2O). Inhaled nitric oxide (iNO) was administered for substantially impaired oxygenation thought to be secondary to PH. Infants with imminent inadequate oxygen delivery were placed on extracorporeal membrane oxygenation (ECMO) support. Dopamine was used to keep mean arterial blood pressure \> 40 mmHg, Milrinone was used for sever pulmonary hypertension. Surgical repair was performed after clinical stabilization. Once assisted ventilation could be discontinued, supplemental oxygen was administered via nasal cannula to maintain oxygen saturation by pulse oximetry (SpO~2~) ≥95%. Infants who failed to consistently maintain target SpO~2~ were discharged on supplemental oxygen. Clinical information, including detailed respiratory support data, was collected.

BNP levels {#S11}
----------

Whole blood (1 ml) was collected from an indwelling arterial catheter into a chilled ethylenediaminetetraacetic acid tube on the first day of life and at 1 week of age. Sample collection was timed with echocardiography whenever possible. Samples were immediately put on ice and centrifuged at 2,000 rpm for 15 minutes. Plasma was stored (−80°C) and BNP levels were later measured (Triage Meter Plus, Alere, Waltham, MA), and thus not available to the treatment team. The Triage Meter Plus was calibrated with the Reagent CODE CHIP Module when a new lot of Test Devices was opened. The quality control device was used before each measuring session as suggested by the company. Given the limited amount of plasma available, the samples were not run in duplicates. The coefficient of variation for the Triage Meter Plus is 9.2% −11.4 from low to high BNP concentrations (Triage BNP Test Product Insert, Alere).

Echocardiographic data {#S12}
----------------------

Echocardiography was performed as per clinical protocols using commercially available ultrasound systems (Acuson Sequoia C256 or C512 Ultrasound System, Mountain View, CA) in the first day of life and approximately 1 week later, per clinical routine. Transthoracic echocardiographic views were retrospectively reviewed by a reader masked to clinical outcome for classification of estimated (PAp) in relationship to systemic systolic blood pressure as previously described ([@R5]): \<2/3 systemic pressure, 2/3 systemic-to-systemic pressure, or systemic-to-suprasystemic pressure. Three measurements (in descending order of importance) were used to classify the pulmonary-to-systemic pressure relationship by echocardiogram and assess PH due to elevated pulmonary vascular resistance (PVR): 1) pressure differential by direction and velocity of ductus arteriosus flow (Bernoulli equation)([@R28]); 2) two-dimensional interventricular septum position (parasternal short axis) graded as normal, flat, or D-shaped, with a substantially flattened septum indicating RV pressure 2/3 systemic-to-systemic pressure and D-shaped indicating systemic-to-suprasystemic pressure ([@R29],[@R30]); and, 3) peak tricuspid regurgitant jet velocity measured by Doppler with RV systolic pressure estimated by the modified Bernoulli equation and right atrial pressure estimated at 0 mmHg ([@R27]).

Primary outcome {#S13}
---------------

Poor outcome was defined as a composite of death or need for ongoing respiratory support (including oxygen supplementation) at 56 days of age or discharge, whichever came first. This definition of prolonged respiratory support was based on a proposal for the definition of moderate-to-severe bronchopulmonary dysplasia (BPD) for infants born at \>32 weeks ([@R31]). Conversely, Good outcome was defined in surviving infants who were breathing room air without additional respiratory support by 56 days. Although prolonged respiratory support at 56 days has not been validated with respect to later outcomes, we previously showed that infants with CDH discharged on supplemental oxygen had higher rates of neurodevelopmental disability ([@R25]).

Statistical analysis {#S14}
--------------------

Non-parametric rank sum test and Fisher exact test were used as appropriate. P values \<0.05 were considered significant. Receiver operator characteristic (ROC) curves were analyzed to assess the relationship of BNP level and severity of PH to clinical outcome, with area under the curve (AUC) and 95% confidence intervals (CI) reported for these estimates (Stata 13.0; College Station, TX).
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![Box and whiskers plots of plasma BNP levels (pg/ml) in infants surviving and on room air at 56 days of age (Good outcome) and those who died or were on respiratory support at 56 days (Poor outcome) on the first day of life (a) and one week of age (b). \* p \< 0.01, \*\* p = 0.7.](nihms612189f1){#F1}
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###### 

Baseline characteristics and outcomes of the study cohort

                                    Good outcome        Poor outcome
  --------------------------------- ------------------- -----------------
  **n**                             **14**              **13**
  gestational age (weeks)           38.4 (37.3--39.1)   38.1 (36.3--39)
  female sex                        5 (36 %)            7 (54 %)
  left sided CDH                    13 (93 %)           10 (77 %)
  Liver herniated into the thorax   8 (57 %)            11 (85 %)
  ECMO support                      1 (7 %)             2 (15.3 %)
  Age at surgery (days)             2 (2--3)            4 (3--6)
  Surgery type                                          
  primary                           7 (50 %)            2 (15 %)
  flap                              6 (42 %)            3 (23 %)
  patch                             1 (7 %)             8 (62 %)
  age at extubation (days n = 24)   6 (4--9.5)          21 (18--29.5)
  death                             NA                  5 (38 %)
  age at death (days)               NA                  42 (33--91)

Data are presented as median and interquartile range or n (%), good outcome: Survival on room air at 56 days of age, poor outcome: death or prolonged respiratory support at 56 days of age; ECMO Extracorporeal membrane oxygenation, NA *Not applicable*

###### 

Clinical status at the time of B-type natriuretic peptide (BNP) sample collection and contemporaneous echocardiogram

                           First day of life   1 week of life                        
  ------------------------ ------------------- ------------------ ------------------ ------------------
  iNO                      2 (14 %)            5 (45 %)           5 (45 %)           13 (100 %)
  mechanical ventilation   14 (100 %)          11 (100 %)         6 (55 %)           13 (100 %)
  HFOV                     1 (7 %)             7 (64 %)           1 (9 %)            10 (91 %)
  FiO2                     0.4 (0.3--0.46)     0.55 (0.45--0.8)   0.25 (0.21--0.3)   0.4 (0.35--0.63)
  oxygenation index        5 (2--15)           18 (6--60)         5 (2--13)          11 (0.5--15.5)
  PDA                      12 (86 %)           11 (100 %)         5 (45 %)           11 (85 %)

Data are presented as median and interquartile range or n (%); HFOV *High frequency ventilation*, FiO2 *fraction of inspired oxygen*

###### 

Comparison of receiver operator characteristic curves for B-type natriuretic peptide (BNP) and pulmonary artery pressure estimate (PAp), limited to infants who had measurements for both biomarkers at both time points (n=22)

  Predictor                                       AUC (95% CI)        p value[\*](#TFN3){ref-type="table-fn"}   
  ----------------------------------------------- ------------------- ----------------------------------------- ------------
  **BNP**                                         0.92 (0.79--1)      0.57 (0.31--0.83)                         ***0.01***
  **PAp**                                         0.56 (0.36--0.78)   0.72 (0.52--0.93)                         *0.31*
                                                                                                                
  **p value**[\*\*](#TFN4){ref-type="table-fn"}   ***0.01***          *0.38*                                    

for comparison of AUC of each predictor at both time points,

for comparison of AUC of both predictors at each time point
